Abstract -Wireless power transfer systems using electric fields have been investigated mainly for power transfer over extremely close regions. Using an electromagnetic field simulator, we have made a prototype of an LC series type resonance coupler made from a coil and electrode. When the distance between the transmission and reception couplers was varied, it was found that a transfer efficiency of 90% or more was achieved at a distance of 180 mm. Also a large power transfer test was carried out in which it was found that it was possible to transfer 838 W of power.
I. INTRODUCTION
Wireless transfer of power is being actively researched. This is because in 2007 it was proved by research referred to as magnetic field resonance at Massachusetts Institute of Technology in the USA that energy transfer over short distances is possible [I ]- [2] . This phenomenon has also been demonstrated using electric fields [3] . However wireless power transfer using electric fields is affected by the limitation of insulation breakdown strength in air and the fact that the human body is a dielectric material, so the research has mainly been into the supply of power over very short distances [4] .
It is thought that, in the industrial, scientific, and medical frequency band (ISM band) of 13.56 MHz and 27.12 MHz, if a resonance circuit with a large Q value is used, it is possible to transfer power mainly as electric field energy even if the distance between transmission and reception is increased. However, there are concerns that the transfer efficiency will decrease due to radiation losses and conduction losses, depending on the shape of the electrodes.
Therefore we investigated an electric field type coupler with a simple LC series resonance type configuration. Simulation results and measurement results showed that large power transfer is possible by electric fields even when the transmission and reception electrodes are separated.
II. QUALITATIVE INVESTIGATION OF RESONANT COUPLED ELECTRIC FIELDS
First we carried out a qualitative investigation of the transfer efficiency using an equivalent circuit. Fig. 1 shows the series resonant electrically coupled equivalent circuit [3] , and the voltages applied to each of the terminals.
In Fig. 1 , Cl is the capacitance on the transmission side, and C2 is the capacitance on the receiving side. Cm is the mutual capacitance between the transmission and receiving sides.
We prescribed that the voltage between elements be as shown in the drawing. Under resonant conditions, Vb is considerably higher than the power supply voltage EO. Therefore, the value of the load voltage Vload is maintained as a constant level even when Cm is small and the voltage drop Va due to Cm is large. In addition when Cm is increased, Va decreases, Vc increases, and as a result the load voltage Vload also increases. In other words it is thought that high efficiency power transfer is enabled by increasing Cm under resonant conditions. 
IVbl»IEOI under resonant conditions

III. INVESTIGATION OF THE CONFIGURATION OF A WIRELESS POWER TRANSFER COUPLER AND PROTOTYPE RESULTS
A meander line resonant coupled electric field type wireless power transfer system has been investigated [3] . In this format it is predicted that the wiring length will increase and the losses will increase as the coupler is made smaller. To improve this we investigated the wireless power transfer coupler as shown in Fig. 2 using flat plate electrodes and series resonance coils. Here the coupler has the same structure on the transmission and reception sides.
For the design of resonant coupled electric field wireless power transfer type couplers, the coupling coefficient ke is an important index indicating the amount of electric field coupling between the transmission and receiving sides, and is given by the following [3] .
Here C is the value of the capacitance of the coupler on the transmission side and on the receiving side. Cm is the value of The coupler external dimensions were set to approximately 250 mmx250 mm, and the resonant frequency fO was set to fO = 27.12 MHz at 50 Q at a distance of 200 mm between transmission and receiving sides. In other words, the parameters were set to obtain a single-peaked characteristic. The electromagnetic field simulator FEKO (EM Software & Systems-S.A.) was used in the design. The coupler resistance R was not taken into consideration in order to shorten the calculation time. During measurement the transfer efficiency is reduced by the resistance. Fig. 3 shows the configuration of the coupler that was developed. The prototype couplers produced included 2 118 mmx250 mm flat plate electrodes arranged on a 1.6 mm thick PPE substrate with a 34 mm electrode gap to which 2 resonance coils were attached. Solenoidal type coils with a diameter of about 20 mm each were used as the resonance coils. Fig. 4 shows the measurement results. Each has a balun type characteristic. The transfer distance on the left in Fig. 4 is short, and the transfer efficiency has a double-peak characteristic. Fig. 4 on the right shows the case where the transfer distance has been matched, so the transfer efficiency has a single peak characteristic. In the measurements, the transfer distance to obtain a single peak characteristic is 1361 shorter, due to the effect of the substrate. A value of about 85% peak transfer efficiency was obtained. The power transfer coupler with this structure can be made thin and light, and the structure is simple, so manufacture is also simple. In particular, in a structure in which electrically conductive electrodes are formed and sandwiched within thin resin material, the coupler can be used folded and bent.
IV. ELECTRIC FIELD DISTRIBUTION OF RESONANT ELECTRIC FIELD TYPE COUPLERS
The operation of the designed couplers was confirmed by electromagnetic field simulation. Fig. 5 shows the electromagnetic field distribution at fO when the transfer distance provides a single peak characteristic. If T is the time for 1 cycle, then at fO the modes equivalent to the fe mode and the fm mode as described in reference [3] appear alternately at T/4 intervals. In other words, it can be seen that energy is being transferred by the electric field between the transmission and reception electrodes in the coupler with this configuration. In addition, the electromagnetic field distribution was determined for the case where a repeater coupler was provided between the transmission and reception couplers. The repeater coupler has the same form as the transmission and reception couplers, but the power supply port is shorted. By inserting the repeater coupler it is possible to extend the transfer distance between transmission side and receiving side with a single peak characteristic by about a factor of 2. Fig. 6 shows the electromagnetic field distribution at roo The fe mode and fm mode appear alternately at T/4 intervals, and they alternate every T/4 between the transmission coupler and the repeater, and between the repeater coupler and the reception coupler. In other words, it can be seen that energy is also transferred by electric fields when the repeater is inserted . Simulation results for electromagnetic field distribution including a repeater.
V. TRANSFER EFFICIENCY BETWEEN COUPLERS
A prototype large size flat plate coupler was produced, larger than the coupler described above, with the obj ective of reducing the coupler resistance. The coupler electrode size was 370 mmx157 mm, and 2 flat plate electrodes were arranged on a PPE substrate with 36 mm spacing between the electrodes, to which 2 spiral resonance coils with diameters of about 55 mm were added. The frequency ro was 27.12 MHz.
The distance D between the transmission side and the reception side of the couplers was varied and the transfer efficiency was measured. Fig. 7 shows the peak value of the transfer efficiency at each distance. The results had a balun type of characteristic. A peak transfer efficiency value of 90% was achieved at a transfer distance of 180 mm which virtually gave a single peak characteristic. 
VI. QUANTITY OF POWER TRANSFERRED
A power test was carried out using the couplers with the characteristic shown in Fig. 7 . The test was carried out within an anechoic chamber. At a distance of 180 mm between electrodes, when 1 k W of electrical power was applied to the transfer coupler, an output of 838 W was obtained at the reception coupler.
VII. CONCLUSIONS
It has been demonstrated that a thin, light wireless power transfer system can be constructed using resonant electric field type couplers. It has been confirmed by electromagnetic field simulation that the power is transferred by electric fields, and that a repeater can be used. It was confirmed by measurement that an efficiency of transfer between the transmission side and the receiving side of 90% can be obtained at a distance of 180 mm. Also, 838 W of power was transferred in a power transfer test. In the future we intend to investigate wireless power transfer systems capable of transmitting greater power, while taking into consideration the effect of the surrounding environment.
